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In most examples of physiological or pathological cell death, 
mitochondrial membrane permeabihzation (MMP) 
constitutes an early critical event of the lethal process. Signs 
of MMP that precede nuclear apoptosis include the 
translocation of cytochrome c and apoptosis-inducing factor 
(ATP) from mitochondria to an extra-mitochondrial 
ocal zation, as well as the dissipation of the mitochondrial ~^^ 0 ^^XlT 
in HTV-l-induced apoptosis. Different HTV-1 encoded proteins (Env, Vpr, Tat PR) 
ndrctlytri g gerMMP,thereby causing cell death. ^^^^^^^^ 
example for an indirect MMP inducer. Env expressed on the plasma membrane of HTV-1 infected (o 
EnTLsfected) cells mediates cell nision with CD4/CXCR4-expressing uninfected 
nL denendent atency period, syncytia then undergo MMP and apoptosis. Vpr exemplifies a dn-ect 
SSv^Z to the 2L nucleotide translocator (ANT), a "f£^™£^ 
P^in which also interacts with apoptosis-regulatory proteins 

Vpr to ANT favors formation of a non-specific pore leading to MMP. The structural motifs of the Vpr 
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protein involved in MMP are conserved among most pathogenic HTV-1 isolates and determine the 
cytotoxic effect of Vpr. These data suggest the possibility that viruses employ multiple strategies to 
regulate host cell apoptosis by targeting mitochondria. 



Key Words: HIV • AIF, Bcl-2 • Caspases • Apoptosis • Cytochrome c • gpl20 • Vpr 

Abbreviations: e AIF, apoptosis inducing factor • ANT, adenine nucleotide translocator • COX, 
cytochrome c oxidase • Cytx, cytochrome c • A • * • m ,mitochondrial transmembrane potential • Env, 
envelope glycoprotein complex • HP/, human immunodeficiency virus • MMP, mitochondrial 
membrane permeabilization • PBL, peripheral blood lymphocytes • Z-VAD.fmk, 
N-benzyloxycarbonyl-VaUAla-Asp-fluoromethylketone. 

INTRODUCTION MITOCHONDRIAL CONTROL flp^| 

Apoptosis research has recently experienced a change from a 
paradigm in which the nucleus determined the apoptotic 
process - to a paradigm in which caspases - and, more 
recently, mitochondria constitute the center of death control. 
^ Today, it is almost generally accepted that the 
mitochondrial membrane constitutes (one of) the battle 
ground(s) on which opposing molecules determine whether cell death ensues. Several observations 
support the hypothesis that mitochondria control cell death. 

• First, mitochondrial membrane permeabilization (MMP mostly precedes the signs of advanced 
apoptosis or necrosis, irrespective of the cell type or the death-inducing stimulus. Mitochondria are 
organelles with two well-defined compartments, the matrix surrounded by the inner membrane 
(IM) and the intermembrane space surrounded by the outer membrane (OM). Apoptotic OM 
permeabilization involves the release of proteins which are normally confined to the 
intermembrane space of these organelles. — "— As compared to the OM, apoptotic IM 
permeabilization is selective, not resulting in a massive leakage of matrix proteins. IM 
permeabilization may occur in a step-wise and reversible fashion, with increasing permeability to 
solutes up to -1500 D, culminating in the dissipation of the proton gradient responsible for the 
transmembrane potential (A*^. — 

• Second, MMP has a better predictive value for cell death than other parameters including caspase 
activation. As an example, crosslinking of the CXCR4 surface receptor or transfection-enforced 
overexpression of the tumor suppressor gene PML induce apoptosis with MMP but without 
detectable caspase activation. 2L22 Even if inhibition of caspases blocks some of the 
morphological and biochemical manifestations of apoptosis, it fails to prevent MMP and cell death 
induced via a variety of receptors (e.g., glucocorticoid receptor, CD2, CD4, CD45, CD47, CD99, 
MHC class II), anti-oncogenes (e.g., Bax, Bak), chemotherapeutic agents, irradiation, and 
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pro-apoptotic second messengers (e.g., reactive oxygen species, nitric oxide, ceramide, ^gUoside 

GD3 1 (reviewed in refs ' S ' % Caspase activation can even be required for the transmission of 

mitoeenic signals ^Ji and thus may be uncoupled from cell death. 
. n-ber of pro-apoptotic effectors directly induce MMP when ^e d to 

purified mitochondria in vitro. This applies to pro-apoptotic members of me Bcl-2 famil ^such as 
Bax * pro-apoptotic signal transducing molecules such as Ca* + , ceramide, ganghoside GD3, fatty 
acids and their oxidation products, reactive oxygen species, nitric oxide, and cytotoxic agents 
including arsenite, betulinic acid, CD437, lonidamine, and photosensitizing porphyrin derivatives 

. FouZ^apoptotic members of the Bcl-2 family interact with mitochondrial memb^es or 
membrane proteins and inhibit cell death by virtue of their capacity to prevent MMP. 
Similarly, inhibition of mitochondrial membrane permeabilization by specific pharmacological 
interventions (that is by agents acting on mitochondrial proteins) prevents or retards cell deafr. 
This applies to N-methyl-4-valine-cyclosporin A (a ligand of the mitochondrial cyclophilin D) - 
bongkrekic acid (a ligand of the adenine nucleotide translator), 22 and, in some experimental 
systems, oligomycin (an inhibitor of the FlATPase).— ^ nms , 
. Fifth cell-free systems have identified soluble intermembrane proteins (SIMPs) from 

mitochondria that are rate-limiting for the activation of catabolic hydrolases, mainly caspases and 
nucleases. The heme protein cytochrome c, for example, triggers the assembly of a 
C aspa S e-9/caspase-3 activation complex, the apoptosome, in the cytosol - Released 
mitochondrial hsplO and hsp60 may also facilitate caspase activation. 22 Certain caspases can be 
found sequestered within mitochondria and, when liberated, may contribute to setting off caspase 
activation cascades. Some SIMPs stimulate caspase-independent catabolic events. Once 
released from mitochondria, for instance, "apoptosis-inducing factor" (AIF), a flavoprotein 
oxidoreductase, is imported into nuclei where it stimulates large scale DNA fragmentation* -50 
kb P and peripheral chromatin condensation. 12,12 Additional catabolic enzymes released from 
mitochondria include arginase, sulfite oxidase, glycine cleavage system h protein, and soluble 
epoxide hydrolase. 22 

Altogether, these observations suggest a three-step model of apoptosis: a premitochondrial phase during 
which signal transduction cascades or damage pathways are activated (initiation phase)-, a nutochondnal 
phase during which mitochondrial membranes are permeabilized (decision/effector phase); and a 
post-mitochondrial phase during which proteins released from mitochondria cause the activation of 
catabolic enzymes (degradation phase). This scheme, initially developed by our group, has now 
been adopted by many of the leading scientists in the field. 2 

iN-wm ANnm celi^ — • 
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Peripheral blood lymphocytes (PBL) from HF/-1 infected 
patients are notoriously prone to spontaneously undergo 
apoptosis upon in vitro culture. — Apoptosis mainly affects 
cells in which the endogenous MMP inhibitor Bcl-2 has 
been down-regulated. — Interleukin-2 and interleukin-15, 
which up-regulate Bcl-2, inhibit spontaneous apoptosis of 
PBL 22,38 Both CD4 + ^ CDg + ceUs &om At peripheral blood of HIV-1 infected individuals exhibit 

an increased susceptibility to lose the A* m ex vivo, before they manifest signs of nuclear apoptosis. 
This latter result has been confirmed for peripheral blood lymphocytes from patients shortly after 
primary infection. — PBL from chronically HIV-1 infected donors also have an enhanced capacity to 
produce superoxide anion 224042 in a reaction that is suppressed by the respiratory chain inhibitor 
rotenone, 42 suggesting that superoxide anion is generated in mitochondria. Moreover, in freshly isolated 
lymph node cells from HIV-1 -infected donors, mitochondrial swelling has been detected by electron 
microscopy ex vivo. & These results suggest that cell death induced by HIV-1 is associated with MMP. 

A further hint to a general mitochondrial effect of HIV-1 has been obtained by treating transgenic mice 
expressing replication-incompetent HTV-1 (NL4-3 A gag/pol) with 3 , -azido-2 , ,3 , -deoxythymidine (AZT). 
4£ AZT, as well as analogous anti-retroviral nucleosides, negatively affect mitochondrial DNA 
replication and can provoke a persistent mitochondrial myopathy in AIDS patients, especially in infants. 
45 in m j ce> transgenic HIV sensitizes to AZT-induced myocardial mitochondriopathy, 44 suggesting 
direct or indirect HIV-mediated effects on mitochondria. A similar result was obtained when AZT was 
administered to mice expressing the HIV-1 one-exon-encoded 72 amino acid Tat protein and full-length 
86 amino acid Tat proteins. In Tat-expressing mice, AZT-treatment caused a greatly enhanced 
suppression of the mitochondrial isoform of superoxide dismutase (Mn-SOD or SOD-2), when 
compared to control mice. In addition, Tat exacerbated signs of AZT-induced (presumably 
mitochondrion-generated) oxidative stress. ^ Thus, HIV-1 and specifically Tat can affect mitochondrial 
metabolism in vivo 9 in the intact organism. 

When T cells are infected with HIV-1 in vitro, they manifest mitochondrial swelling and lose the 
expression of several nucleus-encoded mRNA species. coding for mitochondrial proteins. In 
addition, HTV-1 downregulates the cytochrome b mRNA from the mitochondrial genome. 56 
Downregulation of mitochondrial DNA transcription is also a distinctive feature of apoptosis. ^ 
Cytopathogenic HIV-1 infected cells overproduce superoxide anion in mitochondria — and manifest a 
decline in the A* m . 52 CD4-expressing HeLa cells co-cultured with a lymphoid cell lines chronically 
infected with a syncytium-inducing HIV-1 isolate exhibit the release of AIF and cytochrome c from 
mitochondria clearly before nuclear apoptosis occurs. 54 (Fie. IV In U937 or Jurkat cells, overexpression 
of Bcl-2 or Bcl-X L decreases HIV-1 -induced apoptosis. Bcl-2 overexpression has also been 
reported to suppress syncytial apoptosis in HIV-1 infected CD4 T cell lines. 52 These data suggest that 
HTV-1 affects mitochondrial function and causes a type of apoptosis which, at least in some cell types, 
depends on the (Bcl-2/Bcl-X L inhibitable) MMP. 
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HTV-1 infection induces apoptosis via a cornucopia of 
mechanisms, and there is considerable debate about which 
viral protein is the dominant inducer, either m HTV-1 
infected cells or in non-infected "bystander" cells. 
Extracellular addition of several HTV-1 encoded proteins to 

briefly discuss how Env, Vpr, TM. and PR induce MMP and cell death. 
E^andi^uMep^UOhave^ 

protein. Three mechamsrns have been propose. ^^p^mlbrane, .eading to 
virions with .he ceU surface has been ^T^Sf JjISrf 2 Wl20/gp4! envelope 
baUooning of «h« cell and » -"-"^^S "e CD4/CXCR4 c^plex of uninfected 
complex, present on the membrane of HIV-mfected cells, wnn cross-linking 

a number of brain regions. 42 Third, interaction of the gpl20/gp41 complete present on HIV.nfec.ed 



9/13/02 8:59 AM 



16 



S ONLINE - FERR1 et al. 926 (1): 149 



httpV/www.annalsnyas.wg/cgi/content/fijll/926/1/149 



cells with the CD4/CXCR4 complex of uninfected cells can result in cell-to-cell fusion. ^ Such syncytia 
then undergo apoptosis after a lag phase which depends on the cell type involved in the fusion process. 
54 it remains an open possibility that the nonphysiological formation of syncytia by itself, rather than 
acute signals mediated via gpl20/gp41 in interaction, accounts for cell death. Syncytia arising from the 
fusion of HeLa cells expressing the HIV-1 encoded Env with cells expressing the CD4/CXCR4 complex 
spontaneouslv undergo apoptosis in a process which is accompanied by MMP. & Caspase inhibition 
does not suppress the AIF-'and cytochrome c-translocation, yet prevents all signs of nuclear apoptosis. 
Bcl-2-mediated inhibition of MMP also prevents the subsequent nuclear chromatin condensation and 
DNA fragmentation. This suggests that MMP occurs upstream of caspase activation in syncytial 
apoptosis. Moreover, we have found that the release of AIF occurs before that of cytochrome c and 
before caspase activation. & Microinjection of AIF into syncytia suffice to trigger rapid, 
caspase-independent cytochrome c release. Neutralization of enogenous AIF by injection of an 
AIF-specific antibody prevents all signs of spontaneous apoptosis occurring in syncytia, including the 
mitochondrial cytochrome c release and nuclear apoptosis. In contrast, cytochrome c neutralization 
prevents only nuclear apoptosis and does not affect the release of AIF. Taken together, our results 
establish that the following molecular sequence governs apoptosis of Env-induced syncytia: 
Bax-mediated/Bcl-2-inhibited MMP -» AIF release cytochrome c release -» caspase activation -* 

54 

nuclear apoptosis. — 
Vpr 

If T cells are infected with vesicular stomatitis virus envelope G (VSV-G) glycoprotein-pseudotyped 
HW-1 in vitro, Vpr becomes rate-limiting for cell killing. The 14 kD Vpr protein (96 amino acids) 
kills lymphocytes, 62 monocytes, & and neurons, ^ either upon infection with-vpr positive HIV-1 
isolates or upon extracellular addition of the Vpr protein. Virion-associated Vtt may cause 
apoptosis in the absence of viral replication. 62 

We have discovered recently ^ that synthetic Vpr, when added to intact cells or to purified 
mitochondria, causes a rapid dissipation of the mitochondrial transmembrane potential (A*^, as well as 
the mitochondrial release of cytochrome c and AIF. This effect is mimicked by the C-terminal moiety of 
the molecule (Vpr52-96), not by its N-tenninal moiety (Vprl-51), and is inhibited by overexpression of 
Bcl-2. Vpr52-96 also causes a rapid A* m loss when added to intact cells, and this effect precedes the 
induction of apoptotic nuclear chromatin condensation (Fie. 21 If added to lymphocytes or COS cells, a 
substantial fraction of FITC-labeled Vpr52-96 binds to mitochondria. & A biotinylated Vpr-derived 
peptide (Vpr52-96) may be employed as a bait to specifically purify a mitochondrial molecular complex 
containing ANT. Surface plasmon resonance indicates that the Vpr C-terminus binds purified ANT with 
an affinity of 7.4 : : 0 8 M" 1 . We have found th: • Vpr favors the permeabilization of proteoliposor. \5S 
containing ANT. This effect is enhanced by adc ;ion of recombinant Bax and prevented by recorr .nt 
Bcl-2. In addition, Saccharomyces cerevisiae strains lacking ANT are less susceptible to 
Vpr52-96-induced killing than control cells, yet recover Vpr52-96 sensitivity when retransfected with 
ANT. Thus, Vpr kills cells via a direct effect on the mitochondrial membranes and in particular on ANT. 
& The same structural motifs relevant for cell killing are responsible for the mitochondriotoxic effects of 
Vpr. Substitution of critical Arg residues (R73, R80) in the mitochondriotoxic domain (aa 71-82) 
strongly diminishes both the mitochondrial and the cytotoxic effects of Vpr. These observations 
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correlate with the facts that R80 mutations reduce cell killing by VSV-G pseudotyped HIV-1 in vitro & 
and that R73 and R80 are extremely conserved among pathogenic HIV-1 isolates. Intriguingly, the same 
domain that we have implied in the apoptogenic activity of Vpr is also critical for the G2 arrest of the 
cell cycle induced by Vpr. & Since G2 arrest and apoptosis induction by Vpr have similar structural 
requirements, it is tempting to speculate that both Vpr effects (cytotoxicity and cell cycle arrest) may be 
functionally interconnected at the level of mitochondria. 
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Tat 

Cells stably transfected with Tat are more susceptible than control cells to undergo apoptosis upon serum 
withdrawal According to one study, Tat causes a decrease in Bcl-2 expression and an increase in Bax 
expression. - Another study reports that Tat translocates to mitochondria concomitantly with the A* m 
loss. - Addition of extracellular Tat causes apoptosis, at least in some cell types. ^ Tat down-regulates 
the mitochondrial isoform of superoxide dismutase (SOD2), either at the post-transcriptional ^ or 
transcriptional levels. ^ Down-regulation of SOD2 is thought to sensitize cells to the lethal effects of 
reactive oxygen species produced in mitochondria. Exogenous Tat can also induce the expression of 
pro-apoptotic proteins. Such Tat-induced proteins include CD95 (in T cells) md Par _4 (in cultured 
hippocampal neurons), which induces apoptosis via a mitochondrion-dependent mechanism. 2&ZZ These 
results suggest multiple connections between Tat-induced cell death and MMP. 

PR 

Transfection-enforced overexpression of HIV-1 -encoded protease (PR), a cysteine protease essential for 
viral replication, can induce cell death. ^ According to one report, cell death is preceded by 
PR-mediated cleavage of the anti-apoptotic, MMP-inhibitory protein Bcl-2 between Phel 12 and Alal 13 
- Clipping of the BH4 domain may be expected to neutralize Bcl-2 or to transform it into a 
pro-apoptotic MMP-inducing protein, as this has been demonstrated for a cleavage event caused by 
caspase-3. m>&1 
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Based on the results summarized above, it appears that fflV-1 uses several independent strategies to 
induce MMP and apoptosis (Fie. 3V However, it remains an ongoing conundrum whether these manifold 
strategies are designed to cooperate among each other in an additive or synergistic fashion, in the same 
cell. 
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Why, in teleological terms, do viruses regulate apoptosis? It 
appears obvious that, especially at the beginning of the viral 
life cycle, before lysis, the virus must aim at preventing its 
host cells from dying. However, the virus may trigger 
apoptosis at late stages of the viral life cycle, either to 
facilitate viral spreading to adjacent phagocytic cells (which 
recognize and engulf the dying cell) or to hijack the phagocytic system (which may be overwhelmed by 
apoptotic bodies). In the particular case that the infected host cell belongs to the non-specific defense 
system (e g phagocytes) or to the immune system, the virus may employ a strategy to induce rapid cell 
death shortly after infection. In other words, the virus could kill antiviral cells and productively infect (or 
persist in) other cells, not involved in antiviral defense. Here, we will briefly discuss the current 
literature on mitochondrial effects mediated by viruses other than HIV-1. 

Viral Apoptosis Inhibitors Acting on Mitochondria 

Recent studies have unravelled the existence of several viral apoptosis inhibitors acting on mitochondria. 
Several pathogenic viruses produce apoptosis inhibitory (and presumably MMP-inhibitory) Bcl-2 
analogues (reviewed in ntM): adenovirus (protein: E1B19K), african swine fever virus (5-HIVA179L), 
herpesvirus saimiri (HVS-Bcl-2), Kaposi sarcoma-associated herpes virus 8 (Ksbcl-2), and murine 
gammaherpesvirus-68 (Ml 1). Epstein-Barr virus even encodes two structural and function homologues 
of Bcl-2- BHRF1 and BALF1 . Among these proteins, HVS-Bcl-2 and 5-HUA179L have been described 
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to inhibit MMP much as Bcl-2 does. According to our working hypothesis, Bcl-2 prevents MMP via its 
interaction with the adenine nucleotide translator (ANT). « It is tempting to speculate that viral Bcl-2 
analogues inhibit MMP via a similar mechanism. A cytomegalovirus inhibitor of apoptosis (CIA), 
without any obvious sequence homology to Bcl-2, has been found to bind to ANT, & suggesting that it 
acts as a functional Bcl-2 homologue. Another mechanism of apoptosis inhibition maybe the 
neutralization of pro-apoptotic proteins from the Bcl-2 family. As an example, thejarge T antigen from 
simian virus 40 (SV40) binds a pro-apoptotic member of the Bcl-2 family, pl93. - 

Viral Apoptosis Inducers Acting on Mitochondria 

An influenza virus B protein (PB2) has been the first viral protein to be shown to interact with 
mitochondria via its N-terminus. & This is an interesting finding because influenza virus B is one of 
major causative agents of Reye's syndrome, an acute mitochondriopathy associated with massive cell 
death & However, the exact effects of this influenza virus protein have not been determined in 
molecular terms. More recently, it has been found that the pl3 (II) protein derived from the X-D . ORF of 
HTLV-1 is targeted to mitochondria, where it induces a dissipation of the A* m and matrix swelling. - 
Mitochondrial targeting of this protein has been mapped to a decapeptide sequence which contains 
several Arg residues that are asymmetrically distributed in an or-helix and which resemble the 
mitochondriotoxic motif of HIV- 1 -encoded Vpr ffifc^ In contrast with Vpr, however, Arg-»Ala 
substitutions did not abolish the mitochondrial targeting of pl3. & Hepatitis B virus X protein (HBV-X) 
is a potent apoptosis inducer whose effect is neutralized by Bcl-2 overexpression. - HBV-X protein 
colocalizes to mitochondria with a human voltage-dependent anion channel (VDAC) isoform, 
HVDAC3 and alters its transmembrane potential. & Thus, HBV-X may act in a similar fashion as it has 
been suggested for Bax, a Bcl-2 antagonist that may cause VDAC to form a large protem-permeant 
channel. & Intriguingly VDAC can interact with ANT, §2 suggesting that HBV-X targets the same 
molecular complex as Vpr, CIA, and viral Bcl-2 analogues. 
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The above examples clearly illustrate that viruses may target different mitochondrial proteins to induce 
or prevent apoptotic MMP. Clearly, our current information on the submolecular mode of action of these 
apoptosis regulators is scarce. Future investigation will identify additional virus-encoded MMP 
regulators and determine to which extent mitochondrial targeting of viral proteins impinges on the viral 
life cycle. Irrespective of these general considerations, it becomes clear, however, that mitochondria may 
constitute a specific target of HTV-1 mediated cytopathogenicity. 
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